ABSTRACT: The marbled goby Pomatoschistus marmoratus inhabits the Venetian lagoon, northern Adriatic Sea. We used both field and laboratory approaches to investigate the mating system and factors influencing egg size and number. Males nest in empty bivalve shells and provide parental care to eggs. Egg size showed wide variation (CV = 11.5%) and was positively correlated with female size and parental male size, but negatively with the progression of the spawning season. Field data showed that larger males occupied larger nests and obtained more and larger eggs than smaller males. Laboratory experiments showed that larger females produced both more and larger eggs than smaller ones. The relationship between egg size and male and female sizes suggested the presence of size-assortative mating in this species. The presence of high environmental variability could select for the peculiar pattern of egg size variability observed in this population KEY WORDS: Egg size · Gobiidae · Pomatoschistus marmoratus · Venetian lagoon
INTRODUCTION
Size variability among eggs and young larvae is well known to occur in teleost fish at both inter-and intrapopulation levels (Chambers 1997) . These differences in the initial sizes of young tend to be retained for at least several weeks, affecting swimming performance, the abilities to avoid predators, the size range of potential prey species and, consequently, the mortality rate during the earliest days of a fish's life (Chambers 1997) . While little is known regarding the genetic origins of initial fish size, maternal phenotype and various environmental factors have been associated with patterns of egg and larval size, both among and within populations (Chambers 1997) . The relationship between female and egg size can be diverse: egg size can increase or decrease with female size, it can peak at intermediate female sizes or it can increase with female size, but only among females of different ages (Hislop 1988 , Chambers 1997 . Environmental variables such as season and latitude are known to influence egg size, which in turn, determines larval size at hatching (Miller et al. 1988 , Chambers 1997 . In particular, in several temperate spring-spawning species (species that spawn between the late winter and late summer), a decrease of egg size over the reproductive season has been reported. Multiple factors are thought to underlie seasonal patterns in egg and larval size, either through direct effects on oogenesis (Solemdal 1967) or indirect effects on egg size in relation to the production cycle and availability or size of larval food (Ware 1975) . Temperature has been suggested to indirectly affect egg size, because of its influence on oxygen concentration. Indeed, since large eggs have a smaller surface to volume ratio than smaller ones, the latter survive better in low oxygen concentrations (Beacham & Murray 1985 , Van den Berghe & Gross 1989 . As the season progresses, decreasing oxygen concentration (a consequence of increasing water temperature), could then favor the production of small eggs in temperate spawning species. In other temper-ate species the seasonal reduction in egg size appears more closely related to female status (i.e. age, size and condition, according to Chambers 1997) than it is to factors such as temperature or salinity (Chambers & Leggett 1996) .
In a recent study on the reproductive biology of several gobiid species in the Venetian lagoon, eggs of different sizes were found in the nests of the marbled goby Pomatoschistus marmoratus (Risso, 1810). P. marmoratus is a small-bodied fish reaching a maximum total length (TL) of 65 mm (Mazzoldi 1999) , it is found througout the eastern Atlantic, Mediterranean, Black and Azov Seas and the Suez Canal, inhabiting sandy, inshore, shallow waters and sometimes brackish and hypersaline waters (Maccagnani et al. 1985 , Mazzoldi & Rasotto 2001 . During the reproductive season males build a nest by cleaning the inside of empty bivalve shells and covering the outside with sand (Gandolfi et al. 1991 , Mazzoldi & Rasotto 2001 . They defend the nest and take care of the eggs laid by females on the upper valve, cleaning and fanning them until hatching (Gandolfi et al. 1991 , Mazzoldi & Rasotto 2001 . Eggs are pear shaped and hang downwards from a chorion area, the micropilar region, presenting a layer of filaments (Mazzoldi 1999) (Fig. 1) . In the Venetian lagoon, P. marmoratus shows an annual life cycle, with a maximum recorded age of 17 mo (Mazzoldi & Rasotto 2001) . Its breeding season, lasting from April to October, exhibits 2 different peaks, from April to the middle of July and from the middle of August to the end of September. During the first spawning peak, breeding individuals vary widely in body size, while during the second spawning peak, only small ones, hatched during the first spawning peak, are found breeding. Females appear to be multiple spawners, and the presence of male alternative mating tactics can be excluded (Mazzoldi & Rasotto 2001) .
The present study, conducted both in the field (the Venetian lagoon) and in the laboratory, aimed to document the variability in egg size and to possibly evaluate the major factors influencing this variability by analyzing: (1) nests and nesting male characteristics, (2) egg number and size (per nest), (3) female/egg size relationship, (4) duration of embryonic development, and (5) egg/larval size relationship.
MATERIALS AND METHODS
The study was performed during the marbled goby Pomatoschistus marmoratus breeding seasons of 1997 and 1998. Field data were collected in a shallow sandy area in the southern Venetian lagoon, the Lombardo bank. Specimens for laboratory experiments were collected in the same area by SCUBA divers using hand nets.
Field data. Field observations were performed in order to collect information on nests, nesting male characteristics, egg number and size and larval size. Only males found inside nests containing developing eggs were considered as nesting. Nests and nesting males were collected simultaneously by SCUBA divers using hand nets. Male size (TL to the nearest mm) was measured in the field with a ruler, and males were immediately released. A total of 94 nests were brought to the laboratory in order to measure: (1) nest surface in cm 2 (estimated by tracing the nest edge to a transparent nylon sheet adherent to the inner surface and computing the area using AutoCAD LT software); (2) egg area (estimated by drawing egg mass edge); (3) percentage of nest occupied by eggs (computed as 100 × egg area / nest surface; (4) egg density (number of eggs per cm 2 of egg area, estimated by counting all the eggs inside a square of 0.5 × 0.5 cm 2 under a stereomicroscope; from 1 to 7 density estimates were performed for each nest); (5) total egg number (egg density × egg area); (6) number of different developmental stages (estimated by counting the different developmental stages of the eggs inside each nest; see 'Embryological development'); and (7) egg size (for a sample of 10 to 90 eggs, at the same developmental stage, for 73 nests, major and minor diameters [Fig. 1] were measured under a stereomicroscope, using a calibrated eyepiece; precision: 0.026 mm). To validate egg number estimation, all the eggs present in 25 nests were individually counted under a stereomicroscope. No differences between estimated number of eggs and number of counted eggs were found (t-test for paired data: t = -1. 44, p > 0.05, N = 25) , and the correlation between them was high (Pearson's correlation coefficient: r = + 0.84, p < 0.001, N = 25). Eggs found inside the 94 nests were reared in small tanks (1 l) at a temperature of 19 to 22°C and, for 34 egg batches, a sample of 10 to 90 anaesthetized (MS222) larvae just after yolk absorption, was measured (standard length, SL) under a stereomicroscope, using a calibrated eyepiece. After measurement, larvae were released in the field. Larvae from some of the nests hatched during transportation to the laboratory: consequently, it was not possible to record all measures for these nests.
The nest surface and egg area of an additional 17 nests were estimated directly in the field. Those nests were marked with colored signs on the outer surface and put back on the sandy bottom together with the nesting male, which typically reentered the nest within a few minutes. Marked nests were checked during later sampling dates.
Laboratory data. Mating experiments were conducted in captivity in order to collect information on female fecundity and egg size. Males and females were recognized by sexually dimorphic genital papillae (Gandolfi et al. 1991) and kept separate in stock tanks provided with sandy bottom and artificial shelters. Seawater was renewed daily, and the temperature range was kept at 18 to 22°C. Light regime followed natural conditions, and fishes were fed once a day with fresh black mussel meat. Experimental males, ranging in size from 31 to 58 mm TL, were kept individually in aquaria (26 l) with an artificial nest composed of a piece of PVC pipe, ranging in size from 12 to 49 cm 2 . Each nest was provided with an acetate sheet that could easily be removed in order to collect eggs. After 3 d of acclimatization, a ripe female was added to each aquarium. For each spawning the following data were recorded: (1) spawning duration; (2) female size (TL) and total weight (wt, to the nearest 0.01 g); (3) egg area, egg density, egg number, egg and larval size, using the methods described in the 'Field data' section; and (4) relative fecundity of females (number of eggs released divided by wt of the female). Estimation of egg number was validated with the method used for field data. No difference between estimated number of eggs and number of counted eggs was observed (t-test for paired data: t = + 0.81, p > 0.05, N = 17) and the correlation between them was high (Pearson's correlation coefficient: r = + 0.98, p < 0.001, N = 17).
Embryological development. In order to use embryo developmental stage as a criterion to evaluate the number of egg batches present in natural nests (see 'Field data' section) 5 egg batches laid in aquarium spawning experiments were reared in 1 l tanks. Each egg batch was split into 2 parts, and these subsamples were reared at 2 different temperature intervals, 18 to 20°C and 21 to 23°C, according to the water temperatures recorded during the 2 breeding peaks of temperate marbled goby. Embryo features were recorded every 12 h, until hatching, under a stereomicroscope. Developmental stages were assigned to 6 categories: (1) pre-neurulation, (2) post-neurulation, (3) eyes and somites developed, (4) ear vesicles developed and heartbeats, (5) completely pigmented eyes, developed gills and swim bladder and visible blood circulation, and (6) pigmented body and iridescent eyes (hatching larvae). A random sample of 20 eggs from each batch subsample was measured daily to check for variability in egg size during development.
Data analyses. Descriptive analyses are reported as mean ± standard error (SE). Coefficient of variation (CV) was computed as 100 × standard deviation of the mean (Sokal & Rohlf 1997) . Parametric or non-parametric tests were applied according to data distribution and test assumptions. Data were checked for normality using a Shapiro-Wilk test and, if not normally distributed, they were log transformed. Percentage data were converted to proportions and arc-sine transformed (Sokal & Rohlf 1997) . For stepwise multiple regression, F for entry was set equal to 1, F for removal equal to 0.1 and the tolerance limit equal to 0.1. Data from different years were compared to check for differences. If no significant differences were found, data were pooled for the statistical analyses. Data were analyzed using STATISTICA 5.1.
RESULTS

Field data
A total of 111 nests were sampled in the 2 spawning seasons (Table 1) . Male size correlated positively with nest surface (Pearson's correlation coefficient: r = + 0.80, p < 0.001, N = 100), egg area (Pearson's correlation coefficient: r = + 0.76, p < 0.001, N = 77) (Fig. 2) Male size correlated positively with egg size (Pearson's correlation coefficient: r = +0.65, p < 0.001, N = 64) (Fig. 4) . Egg size showed wide variation, both for major (CV = 12%) and minor (CV = 11.5%) diameters. Major and minor diameters correlated positively (Pearson's correlation coefficient: r = + 0.91, p < 0.001, N = 73) and both correlated positively with larval size (Pearson's correlation coefficients: major diameter: r = +0.95, p < 0.001, N = 34; minor diameter: r = + 0.96, p < 0.001, N = 34) (Fig. 5) . In all egg size analyses the minor diameter value was used since it was the easiest to record and in addition it represented an indirect estimation of initial yolk size (Fig. 1) .
Egg density correlated negatively with egg size (Pearson's correlation coefficient: r = -0.77, p < 0.001, N = 45). A stepwise multiple regression, in which egg density was considered the dependent variable, while nest surface and egg size were the independent ones, included both variables in the analyses, but egg size was a better predictor of egg density than nest surface (stepwise multiple regression: F = 48.83, p < 0.001, df = 2, 42; ln[egg density] = -1.74 minor diameter -0.20 ln[nest surface] + 6.82; egg size alone: r 2 = 0.59, egg size and nest surface: r 2 = 0.70). To check for a seasonal effect on egg size we considered only data collected between April and July, because the second spawning peak was studied only the second year and only few nests were found. Setting 1 April as Day 1, we found a negative correlation between egg size and date sampled (Pearson's correlation coeffi- A stepwise multiple regression, in which egg size represented the dependent variable, and male size and date were the independent ones, included both variables in the analyses, but male size better predicted egg size (stepwise multiple regression: F = 41.68, p < 0.001, df = 2, 55; minor diameter = + 0.70 male TL -0.35 date + 0.36; male size alone: r 2 = 0.48, male size and date: r 2 = 0.60). Among the 17 marked nests only 5 were found in subsequent samplings. Nesting males were still inside 4 of these nests and remained until egg hatching; subsequently the nests were found empty.
Laboratory data
A total of 23 spawnings occurred in aquaria (Table  2) (Fig. 3 ) and egg size (Pearson's correlation coefficient: r = + 0.66, p < 0.001, N = 23) (Fig. 4) , but negatively with relative fecundity (Pearson's correlation coefficient: r = -0.67, p < 0.05, N = 9). Egg size was negatively correlated with egg density (Pearson's correlation coefficient: r = -0.52, p < 0.05, N = 19). Utilizing the April to July laboratory data, we found no correlation between female size and spawning date (Spearman's correlation coefficient: r S = -0.11, p > 0.05, N = 22), while egg size correlated negatively with spawning date (Spearman's correlation coefficient: r S = -0.47, p < 0.05, N = 22). A stepwise multiple regression, in which egg size was considered the dependent variable and female size and date the independent variables, included both variables in the analyses, but female size was a better predictor of egg size (stepwise multiple regression: F = 8.06, p < 0.01, df = 2,19; minor diameter = + 0.53 female TL -0.38 date + 0.49; female size alone: r 2 = 0.31, female size and date: r 2 = 0.46).
Embryological development
Larvae usually hatched in 4 to 5 d, depending on rearing temperature and despite their size. No effect of development on egg size was observed; indeed, while there were differences among batches, we found no difference among developmental days in egg size (ANOVA -batches: F = 1052.36, p < 0.001, df = 4, 380; development: F = 1.065, p > 0.05, df = 3/12, interaction batch × development: F = 1.357, p > 0.05, df = 12, 380) (Fig. 6 ). 
DISCUSSION
Mating system
In the Pomatoschistus marmoratus population of the Venetian lagoon some males were found to simultaneously take care of egg batches laid by different females. Moreover, our evaluation of different developmental stages could underestimate the real number of egg batches present inside a nest, since only batches laid within an interval of at least 12 h were distinguished. These observations indicate that males are polygynous. Larger males appear to select larger nests, obtaining a higher number of eggs compared with smaller ones. Male marbled gobies, as observed in other small-bodied goby species (Kvarnemo 1995) , appear to choose nests according to their own body size, despite the abundance of available nests of different sizes in the study area (Mazzoldi & Rasotto 2001) . As suggested for the sand goby Pomatoschistus minutus, the preference shown by marbled goby males for particular nest sizes could be related to their ability to defend the nest (Kvarnemo 1995) and/or to female choice (Lindström 1992) . Our data on marked nests suggest that marbled goby males do not remain in the same nest through different spawning events (a male spawning event may include 1 or more egg batches laid consecutively, within a time interval of few days). They leave the nest after egg hatching and either spend a period feeding or change nests.
A wide variability in egg size has been found in the population of marbled goby. Egg size appears to correlate with both female and male size, suggesting sizeassortative mating. In the following sections we discuss size-assortative mating and egg size variability in this population.
Size-assortative mating
Size-assortative mating in teleost species has often been associated with monogamous mating systems (e.g. in gobies: Reavis 1997), but is less common in polygynous ones. In a size-assortative mating situation both sexes can be choosy: individuals prefer mates of similar or larger size, with larger individuals being more selective. Male choice is usually towards larger females, with female fecundity being positively correlated with female size (Bagenal 1966) . Considering that, in the marbled goby, larger males have more space available in their nests than smaller ones and thus could receive additional egg batches, male choice for larger females seems unlikely. In addition, spawning is not limited to a narrow temporal interval that might constrain the number of mates a male could have (Mazzoldi pers obs).
Female preference for larger males is quite common in teleost fishes (Kodric-Brown 1990) and has been reported also in gobies (Bisazza et al. 1989 , Lindström 1992 . If all females prefer large males in the marbled goby, we would not expect size-assortative mating, because large males have empty spaces in their nests, so they could receive egg batches also from small females. Small females could avoid spawning with large males because of male cannibalistic tendency or violent courtship (Downhover et al. 1983 , Marconato & Bisazza 1988 , but this hypothesis does not seem to apply to the marbled goby, since aggressive behaviors towards females have never been observed. On the contrary, egg cannibalism by parental males could be a factor influencing the size-assortative pattern of this species. Indeed male cannibalism on eggs has been observed in the marbled goby (Mazzoldi pers. obs.) , as in several other species with parental care. In pomacentrid species with male parental care, filial cannibalism appears to preferentially affect smaller egg batches (Petersen & Marchetti 1989 , Petersen 1990 ). In the marbled goby this may result in small females avoiding mating with large males because of the increased risk of the male cannibalizing their smaller egg batch. Small males on the other hand may be less likely to cannibalize, since they only obtain eggs from small females, as supported by the absence of large eggs in small males' nests.
Egg size variability
Egg size varies more in Pomatoschistus marmoratus (CV = 11.5% for the minor diameter) than in 56 species belonging to 18 families (Chambers & Leggett 1996) , in which egg size variation never exceeded 8% and was < 4.6% in most. In the marbled goby, egg size is positively correlated with larval size. Both field and laboratory data indicate that 2 major factors affect egg size: time of season and female size. However, the latter, as shown by multiple regression analyses, has a stronger influence on egg size variability than the former.
As in several temperate fish, in the marbled goby egg size decreased significantly as spawning season progressed. This seasonal trend in egg size does not appear, as suggested for other species (Chamber 1997) , to be caused by a differential reproductive timing of females of different size and/or a progressive decrease in oxygen concentration. Indeed Pomatoschistus marmoratus is an annual species, and females in a wide range of sizes are ripe during the whole first spawning peak, in which egg size varies most. Moreover, nesting males ventilate their eggs directly, pro-viding oxygen to developing embryos. Instead, more important in affecting egg size in this population could be a temperature influence on the vitellogenesis processes, as well as poor female condition during the season, or the availability and size of larval food.
Despite seasonal influences, the major factor affecting egg size variability appears to be maternal size. The relation between female and egg size has been hypothesized to be constrained by morphological or physiological traits (Smith & Fretwell 1974 , Bernardo 1996 , Sinervo 1999 ), but such a constraint has never been demonstrated in fish (Duarte & Alcaraz 1989 , Elgar 1990 . Another hypothesis, related to female phenotype, is that small females invest in eggs that are suboptimal in size because a female's lifetime reproductive success would be diminished by the greater current investment in a larger young. This hypothesis appears unlikely for a species like Pomatoschistus marmoratus, with a short life-span, a single reproductive season, production of a large number of eggs by females of all sizes, and in which different-size females allocate relatively the same energy to egg production, as suggested by the absence of a correlation between gonadal investment and female size (Mazzoldi & Rasotto 2001) .
The environment could influence the release of different-size eggs through either pre-or post-hatching effects. Nest characteristics, with respect to oxygen concentration, might represent a patchy environment in which different optimal egg sizes could coexist (Van den Berghe & Gross 1989). In the marbled goby, larger eggs were laid in larger nests. In this species, nests are completely covered with sand (Mazzoldi 1999) and males can modulate water flow inside the nest, leaving larger entrances when oxygen concentration is low (Jones & Reynolds 1999) . In addition larger eggs did not appear to be spaced out more in larger nests, as would be expected if they had a higher oxygen requirement, given also that larger nests usually have larger empty surfaces. Consequently, in this species, nest oxygen availability does not appear to represent a patchy environment for eggs. Also the possible differential fanning ability of different-size males appears unlikely to determine this egg size pattern. Indeed, since in gobiids fanning performances are known to correlate with male size (Lindström & Hellström 1993) we should expect to find in other goby species the pattern of egg size variability and correlation between egg and male size observed in the marbled goby. Instead egg size variability related to male (and female) size has not been reported in other goby species. In addition, considering that, in the marbled goby, eggs of different size present a similar developmental time, it can be excluded that the relationships between egg and male size are related to the ability of larger males to perform longer parental care.
Environments inhabited by the marbled goby could also be heterogeneous with respect to factors that affect larval survival and consequently also influence egg size. The theory of optimal egg size (Smith & Fretwell 1974) , and the widespread assumption that larger larvae are always better than smaller ones, has been criticized by different authors, suggesting that different sizes of larvae or propagules might be better adapted to different environments (Capinera 1979 , Kaplan & Cooper 1984 , Parker & Begon 1986 ). An unpredictable environment would select a wide reaction norm of propagule size, favoring the production of different-size offspring that can cope with different environmental conditions (Capinera 1979 , Crump 1981 , Bernardo 1996 , Mousseau & Fox 1998 . In teleost species larger larvae usually have higher survival rates (Beacham & Murray 1985) , more energy reserves, better performance in swimming, and are better at detecting food and predators (Miller et al. 1988 ), but they may also suffer higher probabilities of predator encounters and attacks than smaller ones (Litvak & Leggett 1992 , Pepin et al. 1992 ). Consequently, different environmental conditions, represented by factors such as differential food availability or differential predation pressure, could favor different sizes of eggs.
Variability in environmental conditions may cause egg size variability in the marbled goby. Indeed, the shallow waters where this species lives are characterised by fluctuations in temperature and salinity, possibly causing fluctuations in the abundance of different prey or predators of goby larvae (Mazzoldi 1999) . Egg size variability has also been reported in a lagoon population of another annual goby species, the common goby Pomatoschistus microps (Bouchereau et al. 1991) , which also has 2 spawning peaks during the breeding season (Bouchereau et al. 1993 , Mazzoldi & Rasotto 2001 . The lack of 2 spawning peaks and of egg size variability in other studied populations of both P. marmoratus and P. microps (Bouchereau et al. 1991 , Bouchereau & Guelorget 1998 , Mazzoldi & Rasotto 2001 suggests an influence of environmental factors in the appearance of both these traits.
In conclusion, traditional explanations on the influence of season and maternal phenotype do not appear to exhaustively justify egg size variability in the marbled goby. Despite the possible indication of the role played by environmental variability, understanding of the origins of the observed pattern in egg size in this species requires new hypotheses and further investigation at both intra-and inter-specific levels. The results of this study on the marbled goby indicate that in future inter-specific comparisons, some aspects, such as size-assortative mating, egg shape and type of nest, appear to deserve attention.
